There is evidence for 10 mechanisms of sediment distribution in small lakes. The sediment accumulation rates measured from a common horizon in cores from 64 sites on Esthwaite Water, U.K., were used to determine the relative importance of these mechanisms on the distribution of sediment in the lake.
It has long been recognized that sediment is not distributed evenly over the bed of most lakes. Many early workers (Wilson 1938; Wilson and Opdyke 1941; Deevey 1955; Tutin 1955 ) commented on the increased rate of accumulation in the deeper parts of some lakes compared to the shallower areas and suggested mechanisms by which this could be achieved. Likens and Davis (1975) coined the term "sediment focusing" to describe the effect. More recently studies of the transport and accumulation of sediment have been carried out with either sediment traps (e.g. Davis 1968; Pennington 1974) or multiple sediment cores (e.g. Kimmel 1978 ). These techniques give complementary, but different, information:
sediment traps record short term, subannual events while cores give integrated long term records. Most work has been done with sediment traps.
We compile here a list of the mechanisms of sediment distribution in small lakes from the evidence available in the literature and use a large set of sediment core data to assess the importance of each mechanism in a small, eutrophic, monomictic lake.
Sediment distribution processes in small lakes
Positive identification of the processes involved in sediment distribution is not easy. Different processes will be dominant at different times of the year and several may occur at the same time. Many workers have ignored the problem and assumed, with little or no evidence, that certain dominant mechanisms define the sediment distribution in their lake. This has resulted in a lack of clarity in published work. In an attempt to improve the situation, we have reviewed the literature. The resulting list contains the minimum number of processes that can explain all the reported data. In general we have simply reiterated the "best" description in the literature and drawn attention to the implicit, but often unstated, consequences of each mechanism. Inevitably the results are somewhat subjective, but we feel that this is justified by the present, confused state of the art.
There is a good evidence for at least 10 distribution mechanisms: riverine delta formation; riverine plume sedimentation; continuous complete mixing; intermittent complete mixing; epilimnetic intermittent complete mixing; peripheral wave attack; random redistribution of sediment; current erosion/redeposition; slumping and sliding on slopes; and organic degradation.
Riverine delta formation-When a river enters a lake, coarser particles which were carried along in the river channel are deposited as the energy of flow is dissipated into the lake water. Classical, fan-shaped deltas are formed from this deposited ma-terial by a complex series of processes. There is a large body of literature on this topic (e.g. Axelsson 1967; Coleman 198 1) . When river suspended solids loads are high, this process can be the dominant deposition mechanism, e.g. the Godley River delta covers a third of the bed of Lake Tekapo (Pickrill and Irwin 198 3) .
River plume sedimentation-when the coarse particulate material has been deposited onto the delta, finer material is left in suspension. The river water very often stays as a discrete current at a depth dictated by the relative densities of the lake and river water. Coriolis force acts to move these currents toward the right-hand (facing in the direction of flow) shore in the northern hemisphere. Particulate material gradually settles as energy is lost by mixing with the lake water. As with delta formation, the process is important in lakes with high allochthonous inputs. Sedimentation in Kamloops Lake (Pharo and Carmack 1979) is totally dominated by this process. Ludlam (1967) used the varve thickness in the sediments to show that river plume sedimentation is a major depositional process in localized areas of Cayuga Lake. The area of a lake basin dominated by this process can be estimated from the simple formula given by Hakanson and Jansson (1983) .
Continuous complete mixing-pennington (1974) presented data for several lakes in which shallow and deep traps recorded similar sediment fluxes for much of the year. This is consistent with a process in which sedimenting material is continuously mixed over either the entire volume of the lake or a relatively small surface layer so that the particle concentration in the water column is constant in the mixed region. Particles which entered the boundary layer above the sediment, either by their own momentum or in very short, localized bursts of quiescent settling, would be deposited evenly over the whole basin., Intermittent complete mixing-During the period of the autumn overturn, catches in sediment traps in Blelham Tarn (Pennington 1974) were four times those during the rest of the year. The bottom traps collected more sediment than the surface traps and the annual accumulation rate measured in traps at the deepest point was twice the rate measured in cores at the same depth. For this to happen, any mechanism must involve resuspension from all over the bed of the lake. Transfer of sediment from the shallows to undisturbed deep water sediments would not create this excess catch.
These data can be explained by a mechanism in which sediment is resuspended from all over the lakebed and completely mixed into the water. In a period of quiescent settling following such mixing, more sediment accumulates at greater depths because the mass of particles above any part of the sediment is a linear function of depth. Normal, wind-driven currents in the deepest part of the lake are unlikely to create sufficient turbulence to destroy the boundary layer near the sediment surface and bring the sediment into suspension (C. S. Reynolds pers. comm.). However, the stress-drop jet (Bryson and Bunge 1956 ) could be a sufficient source of energy. The jet is a rapid current reversal and increase in velocity which occurs at the thermocline when the wind driving a current suddenly drops. It contains much more energy than a normal wind-driven current because some of the energy stored in the original circulating water current is diverted into it. This process will produce sediment catches in traps which are a linear function with depth. Similarly, accumulation rate from cores plotted against water depth will produce a linear plot with a positive intercept on the accumulation rate axis. The size of the intercept will depend on the relative amount of the total annual deposition that is resuspended, i.e. a small proportion of resuspension will cause a large intercept since little sediment will be transferred to the deeper water. Accumulation rates measured by traps will be greater than those measured by cores.
Intermittent epilimnetic complete mixing- Reynolds (1979) showed that Lycopodium powder distributed in a stratified experiment enclosure settled out from the suspension in a manner dictated by the winddriven mixing of the epilimnion and quiescent settling periods in between. Traps and cores in the epilimnion would be expected to collect sediment in proportion to their depth. Conversely traps or cores taken below the thermocline should register a constant accumulation rate.
Peripheral wave attack--It is well known (e.g. Smith 1979 ) that waves within the shore zone create sufficient turbulence to resus-. pend particulate material. This material is gradually mixed in the water and transported to deeper water, out of the influence of waves, where it remains undisturbed. As the process operates for most of the year, the difference in the catches of deep and shallow traps need only be small, as shown by the data for Windermere (Pennington 1974) , for the process to be a major transfer mechanism. No multiple core data are available but accumulation-depth plots would be expected to follow the pattern shown by sediment traps resting on the bed of Lake Vanern (Hakanson 1975) . Accumulation increases linearly with depth but the regression line intercepts the depth axis, defining the limit between areas of erosion and areas of accumulation and transport (sensu Hakanson 1977) .
Random redistribution of sediment-Davis (1973) used pollen tracers in sediment traps in Sayles Lake to show that resuspension of sediment was occurring all year round. There was no pattern in the amounts of sediment trapped either with time or with depth. She suggested that this was due to continual resuspension of the bottom sediments by wave action in the shallow lake; this was corroborated by the lack of development of a stable thermocline. Because of the continued resuspension, plots of core accumulation rate against water depth would be expected to be scattergrams and the accumulation rate measured by cores would be much less than that measured by traps.
Current erosion/redeposition -This process is often proposed as a cause of sediment redistribution.
However, Mueller (1964) reviewed the literature and concluded that the velocities required to penetrate the quiescent boundary layer would be unlikely to be reached except in the special circumstance of the stress-drop jet (Bryson and Bunge 1956) .
To the best of our knowledge the only definite example of an erosive current in a relatively small lake is given by Gould and Budinger (1958) . They showed that the W-shaped bed in Lake Washington was caused by high velocity, cold-water currents originating from water cooled in shallow bays during autumn. The denser water mass accelerated down the adjacent steep slopes to form currents that eroded sediment from the slopes. They redeposited their particulate load in the center of the U-shaped valley where the currents from both sides of the lake collided and lost their energy to the surrounding water, The resulting settlement pattern caused more accumulation in the center of the valley, even when deposition had taken place for a sufficiently long time to change the original U-shaped profile into a W-shaped profile.
Slumping and sliding on slopes-Ha- kanson (1977) suggested that accumulation is negligible on slopes > 14% and that on slopes >4% but < 14% less sediment accumulates than in horizontal regions. The processes which cause these differences are a combination of sliding (movement of the material parallel to the slope) and slumping (a movement started by a rotational failure of the sediment). Slumping often results in the formation of a turbidity current. These commonly occur on the unstable fronts of deltas but deposition on any slope is prone to this type of redistribution.
However it is erratic and produces variability on an accumulation-depth plot. The definitive evidence for this process comes from lakes with laminated sediments (e.g. Ludlam 1974; Pickrill and Irwin 1983; Sturm and Matter 1978) . However, Wetzel and Manny (1978) showed that slumping had occurred to produce intrusions of material with an older 14C date than sediment above and below it in a core.
Organic degradation -Trap data and core data are affected in different ways by organic degradation. During periods of high algal productivity traps in deeper water often collect smaller quantities of dry matter than surface traps (Pennington 1974) . Measurements of organic matter in the trapped particles show that the differences can be accounted for by decomposition of the organic matter in the water column. This process is well understood and is discussed elsewhere (Godshalk and Wetzel 1977) . b. An isoline interpretation of the sediment thickness in centimeters from a common horizon in Esthwaite Water. Sampling positions are indicated by triangles of uncertainty from a three-point location system. Capital letters and numbers refer to the sample identification used in Table 1 . Line a indicates the area of influence of Black Beck. Jones (1980) and Jones and Simon (198 I) showed that greater quantities of organic matter were decomposed in shallow oxic sediments than in deep water anoxic sediments. Although Deevey (1955) suggested that this process can cause a greater accumulation rate in deeper anoxic waters than in shallower oxic waters, it does not seem to have been considered as a mechanism of sediment focusing in recent times.
A4ethods
Esthwaite Water, in the English Lake District, is a small (length, 2.55 km; max width, 0.62 km; area, 1 km*) eutrophic lake consisting of three basins connected in series. It is monomictic, complete circulation typically occurring between October and April. A bathymetric map is shown in Fig. la ; further details of morphometry and water chemistry are given by George and Heaney (1978) and sediment chemistry by Hilton and Gibbs (1985) .
We selected 64 sampling sites from a regular square grid of Esthwaite Water and located them at the time of sampling with a Decca-Racal Trisponder system with three remote shore stations. No postglacial sediment was found at one of the sites. We therefore took 63 cores, each 1 m long, from the sediments during 5-29 September 1983, using a Mackereth minicorer (Mackereth 1958 (Mackereth , 1969 method was as follows: 0.5 g of wet sediment was dried in a test tube for 2 days at 60°C. After the dried sediment was weighed, 1.5 ml of 0.02 M HN03 was added and mixed; this was followed by 1.5 ml of 100 volume H,O, adjusted to pH 2 with HN03. The sample was kept in a water bath at 50°C for 2 h, with frequent mixing, another 1 ml of H202 was added, and the sample was kept at 85°C for 3 h. The sample was then allowed to cool and 2.5 ml of 3.2 M ammonium acetate in 20% vol/vol HNO, was added, mixed, and the total volume was made up to 10 ml with distilled water. The tubes were either centrifuged or allowed to settle overnight before the zinc concentration was read on an atomic absorption spectrophotometer using standards made up in the same matrix.
All the cores showed a rapid rise in zinc (Evans et al. 1983 ) and reflect the increase in airborne trace metal pollution after the industrial revolution. This marked change in concentration has been dated to A.D. 1900 in similar sediment from a nearby lake, Blelham Tarn (Ochsenbein et al. 1984) ; we measured the thickness of the sediment above this common zinc horizon in each core. The effective fetch (U.S. Army 1972) at each sampling point was calculated with the computer program FETCHES (Hilton and Rigg In press). Total carbon was measured on a CHN analyzer (Erba Science 1106).
Results
The individual sampling points and an isoline interpretation of the depth of sediment above the zinc horizon are shown in Fig. lb . Depths of accumulated sediment vary from zero (no postglacial sediment recovered) to > 50 cm and are given in Table  1 . The accumulation rate of 0.6 cm yr-l measured at the deepest point is very close to the rate calculated by Pennington et al. (1973) using l 37Cs. A plot of sediment thickness (depth of sediment above the zinc horizon) against water depth (Fig. 2) shows that sediment focusing is taking place.
Discussion
Patterns of sedimentation observed in different lakes have been attributed to several processes which we listed above. We will now assess the relative importance of these different mechanisms in Esthwaite Water.
The data in the plot of sediment thickness with water depth (Fig. 2) show a trend of increasing thickness with increasing depth, i.e. sediment focusing. Examination of the outliers shows that specific mechanisms are operating at particular sites in the lake. Seven points have a much greater thickness than would be expected from their depth. Sampling points 13A and 15C (Fig. lb, Table  1 ) are very close to stream inflows and reflect the localized deposition of allochthonous input material. Point 14B is on the edge of a reedbed where large amounts of organic debris will increase accumulation rates. The remaining four points with thicker sediment layers lie at the northern end of the lake where the major inflow, Black Beck, enters. The extent of the region dominated by this inflow estimated from the formula of Hakanson and Jansson (1983) is shown in Fig. lb. Points 20H, 18H , and 17G can all be considered to lie within this region, and the excess accumulation can be attributed to the effect of Black Beck.
Coriolis force would move any turbidity current from Black Beck toward the righthand (western) shore (Hakanson and Jansson 1983) . Point 17G lies to the right of the inflow and a continuation of this pathway down toward the deep part of the lake; i.e. the most probable route of a turbidity current denser than the lake water would pass sampling sites 16H and 15G. Sediment thicknesses at these two sites are greater than expected, although the thickness at 16H is not excessively so. This is tentative evidence for the existence of periodic turbidity currents carrying suspended material directly into the deepest part of the northern basin. Data from sampling points 13A, 14B, 15C, 17G, 18H, and 20H will be excluded from the data set for the rest of this discussion; points 16H and 15G will be retained as the explanation of their increased sediment thicknesses is less conclusive. An analysis of variance showed that 59% of the variance in the accumulation rates was explained by a linear relationship with depth-focusing.
If we assume that the compilation of possible processes is complete, then only five processes could create the observed focusing: density currents produced by inflows; density currents created by slumping or sliding on slopes; different rates of removal of organic matter in aerobic and anaerobic sediments; redistribution of sediment at overturn-intermittent complete mixing (ICM); and transfer of sediment from shallows to deeps by peripheral wave action (PWA).
Density currents caused by inflows have already been discussed and appear to have a localized effect. Similarly, turbidity currents from steep slopes are only likely to have a localized effect since the mean slope of the bed of Esthwaite is <4%-the minimum below which slope has no effect on accumulation (Hakanson 1977) . In addition there is no correlation between the slope at individual sampling sites and accumulation rate.
The mean organic content of the sediment from the zinc horizon to the surface showed no significant change with water depth; hence the long term rates of carbon consumption in sediments below oxic and anoxic water in Esthwaite are the same and cannot be the cause of the observed focusing.
A major factor in determining the height and erosive power of waves at any point on the surface of a body of water is the distance the wind has travelled over open water to reach that point (Smith 1979) , the fetch. As the estimation of this parameter is highly influenced by the presence of small islands and peninsulas it is more reliable to use a weighted mean fetch (the effective fetch: U.S. Army 1972) in wave height calculations. If PWA is a major process in the formation of the focused sediments then a negative correlation would be expected between the effective fetch and the accumulation rate. Regression of the accumulation rate against the effective fetch in the direction of strongest (N) or the most frequent (W) winds (Hilton and Gibbs 1985) produced small, but significant, correlations. On this basis about 6% of the total variance can be assigned to the PWA process. The major process producing sediment focusing must be ICM.
Of the original variance 35% remains unexplained, which seems rather high. Evans and Rigler (1980) used a similar technique, but accounted for 90% of the total variance in the accumulation rate in Bob Lake. Bioturbation could cause variations in our original estimates of accumulation rate, but the 137Cs peak caused by fallout from atomic weapons tests is well defined in Esthwaite sediments (Pennington et al. 1973) , suggesting that bioturbation is not important. Ionic migration of the zinc is also unlikely, as the solubility constant of iron sulfide is exceeded in these anaerobic sediments causing ferrous sulfide to precipitate and bind zinc in the form of mixed sulfides (Salomons and Fijrstner 1984) . Another possibility is that random resuspension processes are at work in Esthwaite Water, which is shallow (max depth, 15 m) relative to Bob Lake (max depth, 65 m).
A simple analysis of Pennington's (1974) sediment trap data corroborates many of the conclusions obtained from the core data. Pennington showed that the accumulation rate measured in traps was 2.6 times the rate measured in a core, so that only 42% of the trap catch was new material. In autumn, trap catches were much higher than the approximately constant monthly catches recorded for the rest of the year; excluding the expected normal catch, 35% of the annual catch in the bottom trap was obtained during this period. Pennington suggested that this consisted of sediment resuspended by the process we have termed ICM. In the months when catches were not dominated by either algal growth or the autumn overturn, the bottom traps consistently caught slightly more material than the top traps. This type of behavior is consistent with effects of PWA and amounts to at least 7% of the total bottom catch. This leaves 20% of the total catch unaccounted for. This could be due to cumulative errors in the calculations or to the oxidation of organic matter before reaching the sediments. An alternative explanation is that this represents material resuspended by another process such as random resuspension. The relative importance of these processes indicated by the trap data is the same as that deduced from the core data and increases confidence in the latter.
One anomaly remains. Davison et al. (1982) used sediment traps in Esthwaite Water to study the fluxes of manganese and iron. Using a simple model they accounted for all the excess trapped iron and manganese by recycling in the dissolved form, i.e. no particulate resuspension. This is contrary to the total seston data of Pennington (1974) and the implications of the work presented here which suggest that major amounts of particulate resuspension occur. Gorham (195 8) actually observed resuspension of dead cells of the alga Melosira from the deepest part of Esthwaite Water during destratification. It is possible that the excess rates of total seston accumulation measured in traps compared to core accumulation rates are due to organic degradation in the sediments. However other lakes, e.g. Windermere, Ennerdale, Wastwater (Pennington 1974) , showed rates equal in traps and cores, even though the organic content of the sediments was still relatively high. At present our best explanation involves a resuspension in Esthwaite Water which treats ironcontaining minerals and other seston differently. Further work is needed to clarify this enigma.
Conclusions
Of the 10 processes that can distribute sediment in shallow lakes, four have a major effect on the accumulation of sediment in Esthwaite Water. Of the variability, 59% is due to active sediment focusing processes, peripheral wave action and intermittent complete mixing. Intermittent complete mixing is probably dominant. The unexplained part of the total variance is much greater than observed elsewhere, which may indicate the occurrence of random resuspension processes. Riverine plume sedimentation creates localized increases in accumulation rates. There is tentative evidence for periodic turbidity currents transferring incoming sediment from Black Beck directly to the bottom of the north basin.
